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In Section 1, passive intermodulation (PIM) is introduced and the mechanism of it 
is briefly explained. Then, the up-to-date PIM testing and source identification method in 
the industrial and academia worlds will be summarized. 
The vibration modulation method for PIM source identification is proposed in 
Section 2. Different vibration sources were tested and compared, and the test results 
showed that the vibration modulation method is able to identify PIM source with good 
accuracy. 
Section 3 outlines a special PIM source identification system built based on the 
vibration modulation system. The two subsystems, PIM receiver and PIM vibrator, are 
illustrated in detail. 
In Section 4, PIM source identification tests were conducted on a base station 
antenna using the PIM source identification system. The experiment results show the 
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1.1.  BRIEF INTRODUCTION TO PIM 
Passive intermodulation (PIM) is a form of intermodulation distortion. The 
intermodulation occurs in nonlinear systems, which are generally composed of active 
components. Passive devices such as cables, connectors, and antennas are usually 
considered to be linear devices. PIM, however, occurs in passive devices which are 
subject to two or more high power tones. Because of the extreme weak nonlinearity in 
passive devices, the typical PIM level is as small as -120 to -160 dBc. 
PIM is a growing concern for cellular network operators. This is because PIM can 
create interference that will reduce the receiving sensitivity of a cell site or even block 
call connections. This interference can affect both the unit that creates it, as well as other 
nearby receivers. PIM is created by a high power transmitter, thus, on-site PIM testing 
has to be done at or above the original transmitter power levels to ensure that the test 
reveals potential PIM issues. High-speed digital data communications make PIM testing 
critical. As cell usage and throughput grows, the peak power produced by the new digital 
modulations increases dramatically, contributing heavily to PIM problems. 
PIM can be induced by multiple sources. The following sources have been 
reported: 1) Usage of magnetic material, such as nickel.Bad contacts in the current path. 
2) Contamination with metallic particles: metallic particles that are located, for example, 
in a coax cable after soldering, are subjected to the strong field, but have weak electrical 
contact causing PIM 
Investigation on PIM sources can be found in numerous articles, including 
[1][2][3][4][5][7]. 
 
1.2. CHARACTERIZATION OF PIM 
The nonlinearity can produce forward and backward PIM products. Forward PIM 
means the portion of PIM products produced are transmitted from the DUT. Backward 
PIM means the portion of PIM products produced are reflected back to the DUT. In 




Mechanical, environmental, and electrical factors can influence the performance 
of the device. In the field, any mechanical flexing due to wind and vibration can have a 
devastating impact. In order to test for this before the assembly is installed, dynamic PIM 
tests are being developed by the IEC [8]. Raw cable and final cable assemblies will be 
subjected to flexing and rotational movement using a fixture such as the one shown in 
Figure 1.1 (a). Connectors will be arranged in very short cable assemblies and subjected 
to an impact test from a free falling weight as shown in Figure 1.1 (b). Temperature 
cycling and thermal shock can also have a significant effect on PIM and will likely be 




Figure 1.1. Typical PIM testing setup.  





1.3. WAYS TO PINPOINT THE SOURCES OF PIM 
PIM sources can be located by many different methods. A traditional method is to 
manually tap/manipulate all possible locations. If the PIM level is affected by any of this 
manipulation then the location is determined to be a PIM source. Another approach is to 
replace components until the problem goes away, which is time-consuming and very 
costly; this approach appears to be the standard way of fixing PIM problems when 
technicians are unaware of the PIM test [1]. 
Several PIM analyzer suppliers have developed a range-to-fault (RTF) technology 
that includes the additional hardware and signal processing software to generate 
time-domain plots similar to those generated in network analysis distance-to-fault. RTF 
technology is an analysis tool developed to enhance, not replace, standard fixed tone PIM 
testing [11][15]. RTF works by transmitting two 20 W (+43 dBm) test frequencies into 
the system under test. One test frequency is fixed while the second frequency is swept 
over a certain range of frequencies to produce IM products in the receive band of the 
system under test. Since RTF analysis requires high power signals to be swept outside the 
operator’s licensed spectrum, this test should only be conducted on systems that are 
terminated into a low PIM load to prevent interference. The inverse FFT algorithm is 
used to reconstruct time-domain range pulses by digitally summing the quantized phase 
and amplitude components of each frequency involved in the computation. The more 
bandwidth available for analysis, the sharper the mathematical pulse edges will be. Table 
1.1 shows the two suppliers that provide PIM source identification methods. 
 
 


































1.4. BASE STATION ANTENNA PIM PROBLEMS: PRESENT, DEVELOPING 
TRENDS AND RELATED CHALLENGES 
The antenna is one of the most important parts in all RF systems. If the antenna 
creates PIM, it will propagate along with the rest of the signal. If the antenna is also used 
for receiving, the created PIM signal will couple to the Rx channel and, thus, cause 
sensitivity to deteriorate. The growing complexity of modern antennas makes it more 
likely to cause PIM problems. Thus, it has become a common practice to test PIM 
performance before deploying the antenna on site [15]. 
 
1.5. OTHER METHODS IN ACADEMIA (NEAR-FIELD SCANNING) 
There are other PIM testing methods in academia, such as near-field scanning 
[28]. The principle of the PIM near-field measurement is the same as in a common near-
field measurement: the near-field measurement of PIM is performed to find the signal 
amplitude and phase at the PIM frequency of interest. It can then be used to localize the 
PIM sources in open devices and structures such as micro strip lines and antennas. The 
method is based on the idea that at the PIM frequency the reactive near-field will have a 
discontinuity in the vicinity of the distortion source. However, as stated before, this 
method could not locate the PIM sources in closed components like cables and cavity 
filters. 
In the PIM scanner, two high power Tx signals are fed to the antenna under test 
(AUT) which is scanned with either an electric or magnetic field probe. This method has 
been demonstrated for the GSM900 frequency band and the equipment sensitivity has 
been improved down to -110 dBm with Tx signal of 2 x 43 dBm. The probe is moved 
close to the DUT, less than one tenth of a wavelength. However, instead of measuring the 
signal at the input frequency, the signal is measured at the PIM frequency of interest. The 
discontinuity will be shown in the measured data if the scanning area contains the PIM 
source (Figure 1.2). In Figure 1.2 (a), a small signal at 910 MHz is used as a calibration 
signal, Pcal,AUT; and in Figure 1.2 (b), two high-power Tx signals are fed to the AUT in 
the PIM signal measurement, PTx1 and PTx2. A PIM source is located in the cable. 
The block diagram of the measurement equipment is shown in Figure 1.3. The 
AUT, the receiver unit front end, and the linear guides are located inside a small shielded 
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anechoic chamber. The receiver unit consists of a duplex filter, three Rx filters and three 
amplifiers. The Rx filters have at least 60 dB Tx signal attenuation each and two of them 
are placed outside the chamber so that any possible. Tx signal leakage from cables is 
filtered out. The PIM analyzer is used both as a high-power signal source and in 




Figure 1.2. Normalization of the PIM near-field measurement [28]. 
 
 
The PIM signal is picked up by the near-field probe, then filtered and amplified 
by the receiver unit. The duplex filter in the receiver is an essential component in 
terminating the Tx signals. Otherwise, there would be a standing wave in the probe cable, 
which would lead to unpredictable PIM distortion. A vector network analyzer (VNA) is 
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used as the detector. By using coherent detection, the phase of the PIM signal can be 
measured and the sensitivity of the measurement is improved. The reference signal for 
the VNA is generated in the reference signal unit, which includes a mixer, amplifiers, 
filters, and RF switches. A Tx signal sample is taken with a low-PIM 53 dB coupler. The 
reference signal unit is also used to inject the calibration signal to the AUT. Both the 
stepping motors and the VNA are controlled by a computer. The PIM scanner operates in 




Figure 1.3. Block diagram of the PIM near-field measurement equipment [28]. 
 
 
The PIM near-field scanner can be used to localize PIM sources in an open 
transmission line and to identify faulty elements in antenna arrays. The implementation 
of the scanner is relatively straightforward to find the existing of PIM equipment. The 
construction of the probes is the most critical part in the PIM scanner development [28]. 
 
1.6. NEAR-FIELD SCANNING EXPERIMENT 
Near-field probing was verified with a duplexer and a dipole probe. A 
measurement set-up is shown in Figure 1.4. The RF port of the PIM tester was connected 
to the input port of the antenna. Two transmitted signals come from PIM tester to 
antenna. Without the PIM source the PIM level was below -130 dBm in an anechoic 
chamber. When the transmitted signal frequencies were 1945 MHz and 1990 MHz, the 
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IM3 frequency was 1900 MHz. The transmitted signals were filtered by the duplexer 
which worked as a band pass filter with a passband between 1850 MHz and 1910 MHz. 
Though the frequency response of this duplexer was important, the more important factor 
was the PIM response. If the probe and the filter become a PIM source, the result of the 
spectrum analyzer was not guaranteed to be a true PIM power. Kaelus provided the 
duplexer which has low PIM characteristics. Two SAW band pass filters were connected 
to the duplexer in a series to reduce the transmitted signal power [33]. The center 
frequency of the spectrum analyzer was set to 1900 MHz which was the PIM frequency, 
the span was set to 2 kHz, and the resolution bandwidth was set to 20 Hz. 
In order to measure the PIM level more stably, a simple supporting structure for 
the dipole antenna probe was made. A dipole probe shifted in space 3 cm in steps from #1 
to #37 test points and maintained the same distance from the antenna. 
Table 1.2 shows the measurement results of the first case of near-field probing. 
1900 MHz frequency power levels were measured in the spectrum analyzer. The peak 
power levels near positions #6 and #7 have maximum value relative to other positions, 
which corresponds to the location of actual PIM source. Assuming the PIM source is 
constant with time, the PIM source could be located in this way with near-field probing. 
However, if the PIM level is time varying and is not stable with time it becomes difficult 




 (a)                        (b) 
Figure 1.4. Measurement set-up for near-field scanning. 
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Position # Power 
level 
[dBm] 
Position # Power 
level 
[dBm] 
Position # Power 
level 
[dBm] 
#1 -71 #11 -66 #21 -81 #31 -82 
#2 -61 #12 -63 #22 -73 #32 -83 
#3 -59 #13 -64 #23 -70 #33 -82 
#4 -56 #14 -66 #24 -70 #34 -81 
#5 -49 #15 -67 #25 -73 #35 -80 
#6 -44 #16 -67 #26 -72 #36 -80 
#7 -45 #17 -69 #27 -73 #37 -82 
#8 -51 #18 -74 #28 -75   
#9 -58 #19 -78 #29 -78   
#10 -67 #20 -79 #30 -79   
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2. VIBRATION MODULATION METHOD  
2.1. METHOD DESCRIPTION 
The purpose of the vibration method is to locate the PIM source on the DUT 
through acoustic vibration [14]. It is expected that when vibrating at PIM source in 
acoustic/ultrasonic frequency (hundreds of Hz to hundreds of kHz), the amplitude of the 
intermodulated signal (fIM) would be modulated by the vibration frequency (for example, 
500 Hz) (Figure 2.1). This means the intermodulated signal has an amplitude modulation 
of the vibration frequency (fvb). If the vibration position is not a PIM source, the 
intermodulated signal fIM3 would not have the amplitude modulation of the vibration 
frequency (fvb). Thus, by checking the signal spectrum of the vibration modulated signal, 








As shown in Figure 2.2, the vibration method test set-up consists of several 
modules: the PIM analyzer, spectrum analyzer, oscilloscope, audio amplifier, and 
vibrating tool. 
The PIM analyzer (Figure 2.3) generates two large signals (f1=1990 MHz, 






modulated frequency fIM3=1900 MHz would be generated by the intermodulation and 
reflected back to the PIM analyzer. Then, the 1900 MHz fIM3 would be filtered and go to 
the RF output port on the PIM analyzer. 
A spectrum analyzer (Figure 2.4) with video output port on the back was used 
here. The RF output of the PIM analyzer was used as the input of the spectrum analyzer.  
The intermodulated signal from the RF output port of the PIM analyzer was 
transferred to the spectrum analyzer input. 
The parameters of the spectrum analyzer setting are shown below: 
- Center frequency = fIM3. If the center frequency is not certain, the peak of the 
signal can be found by setting the span to 100 MHz. 
- Span = 0. When span is zero, the envelope of the signal can be analyzed, which 
means the AM vibration signal can be picked out by a zero span. 
- Resolution bandwidth (RBW), video bandwidth; 3 or 4 times of vibration 
frequency (3~4*fvbr). With these settings, the amplitude envelope of fIM3 signal at 
the SA’s video output port is obtainable. When the vibration of transducer 
operates at 500 Hz, the RBW is set to around 2 kHz. 
- RF attenuation. In order to reduce the noise floor and gain the high signal-to-noise 




Figure 2.2. System diagram of vibration method. 
Step(50kHz)
2~20W(+33~+43dBm)
Noise floor : <-128dBm typ





















Figure 2.4. Rohde & Schwarz Spectrum Analyzer equipped with video output. 
 
 
The video output port was connected to the oscilloscope input port and an audio 
amplifier was used to amplify the envelope signal strength. Because the vibrating 
frequency of the transducer was within the audio frequency, an audio amplifier (Figure 
2.5) was used to detect the modulated spectrum more effectively in the oscilloscope [30]. 
It has a gain of approximately 20 to 30 and it also works as a low pass filter. Then, the 
oscilloscope processes the envelope signal to frequency domain through FFT. 
The envelope was expected to have the frequency component of fvbr when the 
PIM source was vibrated by the vibrating tool. When the vibration happened at other 
locations other than at the PIM source, the PIM source point was not affected by the 
12 
 
vibration; thus, the spectrum of fvbr on the oscilloscope would not be observed at this 
time. By observing whether there was the spectrum of fvbr on the oscilloscope, the PIM 








Figure 2.6. Vibrating at PIM source. 
 
 
The method was first investigated on the loose connector set-up in order to 
validate the method. Different vibrating tools were tested and are summarized in the 
following sections. The vibration method was applied to base station antenna and the 
results are shown in the later sections. 
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2.2. MEASUREMENT WITH LOOSE CONNECTORS 
The measurement set-up is shown in Figure 2.7. Two pieces of coax cable were 
used here. One end of the cable was connected to the PIM analyzer’s RF output and the 
other end was connected to the Kaelus Low PIM 50 Ohm load (Figure 2.8). The 
connection between the two cables was intentionally loosened in order to create a PIM 
source. 
Four different kinds of vibrating tools were investigated because different 
vibrating methods may have different vibration frequencies, displacement, power, etc. It 
is important to learn the characteristics, advantages, and disadvantages of each vibrating 
method. 
There are two vibrating positions (Figure 2.9) in this measurement set-up: 1) at 













Figure 2.9. Two vibration locations on the DUT (two piece of coax cable). 
 
 
2.2.1. DC Motor. A DC motor was investigated as the vibrating tool first. Figure 
2.10 shows the parameters of the DC motor. The DC motor has a rather low operation 
frequency and large displacement compared to the speakers or ultrasonic transducers in 
the later section. The motor was mounted to the loose connectors as shown in Figure 
2.11. 
2.2.2. Buzzer. A Buzzer (Figure 2.12) transducer type “102-1153-ND CEM 
1203” was used for the second vibrating tool at three different frequencies: 0.998 KHz, 
1.698 KHz, and 2.001 KHz. The amplitude varies with. In Figure 2.12 below, the photo 
of transducer and its frequency behavior are shown. The buzzer is mounted to the 
measurement set-up as shown in Figure 2.13. The buzzer has a high operation frequency 
and small displacement. 
2.2.3. Audio Speaker. Two types of speakers (Figure 2.14) were used in the third  
experiment. The vibration of a speaker comes from the front, and it is difficult to transfer 
the vibration to the locations on the DUT. Thus, a screw was attached to the front side of 
a speaker as shown in Figure 2.14 (c) and (d) to deliver the vibration more effectively. A 
plastic rod might be a better medium than a metal screw for eliminating the interference 
caused by metal contact between the vibration source (speaker) and the DUT. A signal 
generator (Figure 2.15) was used to drive the speaker to the desired frequency. The 
output of a signal generator is a sinusoidal wave and has a 20 V peak amplitude. The 
operation frequencies of the speakers are 200 Hz-3 kHz. 
2.2.4. Ultrasonic Transducer. The fourth vibrating tool was an ultrasonic  
transducer (Figure 2.16). It has the highest vibration frequency and smallest 
displacement. Since it consumes rather large power (50 W), a power amplifier was 
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needed to generate enough power. The signal generator was tuned to the transducer’s 












Figure 2.12. The buzzer and its parameters 
45000RPM 1.5V-9V DC 222A Rated Current 
Vibrating Vibration Micro Motor









Figure 2.14. Two types of speakers that were used in the measurement. 










The power amplifier was based on power opamp MP118 (Figure 2.17 and Figure 
2.18) from Apex Microtechnology [31]. The supply voltages of +60 V, -60 V are used for 
generating enough power. As shown in Figure 2.17, two power supplies are used for both 
+60 V and -60 V. The input signal of the power amplifier is generated by a signal 













Figure 2.18. A holder was used to support the transducer. 
 
 
2.3. MEASUREMENT RESULTS AND ANALYSIS WITH LOOSE 
CONNECTORS 
All four vibration tools were tested in this experiment and for each vibration tool, 
vibration at the loose connector and at another position was measured. The table below 
summarized the results of all the tests. “Vibration modulated” means that the vibration 
frequency fvbr was observed on the oscilloscope and “Not found” means that the vibration 
frequency fvbr could not been seen on the oscilloscope. 
As shown in Table 2.1, when using a DC motor as the vibrating tool, the 
modulated vibration signal was observed for both positions. This means that the DC 
motor’s displacement was so large that the entire structure vibrated and thus resulted in 
amplitude modulation on the 1900 MHz PIM source signal. 
As for the results of the buzzer, it was rather hard to observe a modulated signal 
even when it vibrated at the loose connector because the buzzer was difficult to mount 
steadily to the DUT structure since it was too small. 
The results of the speakers varied according to the operation frequencies. The 
displacement was smaller as the operation frequency increased. At low frequency (for 
example, 200-300 Hz), the displacement was large enough to vibrate the entire structure, 
thus the result was similar to those of DC motor. When the frequency was high (for 
example, 600Hz-1kHz), the displacement was small and the vibration only affected a 
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small section of the structure. When vibrating at the PIM source, the modulated vibration 
signal was observable on the oscilloscope; while the vibration was at other positions, the 











Other position (50 cm 
from PIM source) 
DC motor Low frequency (tens of 
Hz-200 Hz) 
Large displacement 
Easy to couple to cable and 




Buzzer 1-2 kHz 
Small displacement 




Sometimes or not found 
Speaker Hundreds of Hz-kHz 
Using screw or ceramic rod 
to deliver vibration 
A holder was used 
Vibration 
modulated 
Dependent on the 
displacement 
(frequency) - vibration 
frequency could be 











The results of the ultrasonic transducer were similar to the results of the speaker 
with higher operation frequencies. However, the displacement was so small that the 
ultrasonic transducer had to be carefully placed at the PIM source in order to see the 
modulated vibration signal. 
In conclusion, DC motors and buzzers are not suitable for the vibration method. 
When the operation frequency is high, the speaker could be used to locate the PIM 
source. The ultrasonic transducer is another choice; however, its displacement is rather 
weak and the ultrasonic transducer has to be placed carefully at the PIM source in order 
to get the modulated vibration signal. 
 
2.4. MEASUREMENT ON BASE STATION ANTENNA 
After the loose connector tests, the vibration modulation method was applied to a 
real base station antenna to investigate its potential and limitations. The base station 
antenna used in this set-up is Huawei Model A19451811. Figure 2.19, Figure 2.20, 
Figure 2.21, and Figure 2.22 are the antenna’s electrical properties and physical 
dimensions. 
 
2.5. ANTENNA PIM LEVEL MEASUREMENT 
Before performing the vibration method experiments, the PIM level of the 
antenna itself was measured (Figure 2.23). The antenna was placed inside an anechoic 
chamber to remove reflections and potential PIM sources from surroundings. A low PIM 
cable from Kaelus was used in the measurement to avoid potential PIM sources from 
cabling (connectors, etc.). 
The antenna has the typical PIM level of -131 dBm, which is a very good result. 
The standard for PIM requires a pass level of -97 dBm/-140 dBc. 
The antenna’s S11 and S21 were also measured, the S-parameters indicate that the 
antenna works fine in the designated frequency range of 1710 MHz-2200 MHz. 
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2.5.1. Ferrite Debris As PIM Source. A small piece of ferrite was placed at  
different locations on the antenna to create a PIM source. The antenna elements in the 
array were numbered as 1 to 10 from top to bottom, as shown in Figure 2.24. For each 

























Figure 2.23. Antenna PIM level measurement set-up. 
 
 
The measurement results have been summarized into Table 2.2. From the table 
above, it was observed that the ferrite debris had a strong PIM effect only at the central 









Figure 2.25. Small ferrite piece attached to the center of dipole antenna. 
 
 
Table 2.2. PIM level of different ferrite placement 
Place Peak PIM level [dBm] 
Center ground plate -130.4 
Second dipole at front -132.5 
Third dipole at front -132.6 
Fourth dipole at front -132.5 
Fifth dipole at front -111.0, -99.6 
Sixth dipole at front -104.2 
Eighth dipole at front -130.1 
Ninth dipole at front -128.8 
Electric downtilt at back -129.9 
Ground plate at back -132.7 
Splitter at back -131.9 
Signal lines at back -131.7, -132.3, -130.7 
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2.5.2. Investigation of PIM Problem Caused By Vibration. One of the main  
concerns of the vibration method is that the vibration itself may cause a PIM effect which 
would result in a false PIM location. Thus, it is necessary to investigate the vibration-
caused PIM effect before performing the vibration method. 
In this section, a DC motor was used to generate a strong vibration (Figure 2.26). 
The DC motor was attached to different places on the antenna. The PIM level was around 
-130 dBm for all these measurements. Even when the vibration is as strong as the one 
generated by the DC motor, it would not cause a PIM effect. Thus, the vibration method 
is ready to apply to the antenna array. 
 
2.6. VIBRATION METHOD ON BASE STATION ANTENNA ARRAY 
There are three types of PIM sources in this measurement: ferrite debris (Figure 
2.27), metal debris (Figure 2.28), and a bad soldering joint (Figure 2.29). When these 













Figure 2.28. PIM source II: metal debris. 
 
 
Two potential PIM source locations were investigated: the solder joint (Figure 




Figure 2.29. PIM source III: bad soldering. 
 
 
Two types of vibration tools were used here: the audio speaker (Figure 2.32) and 

















Figure 2.33. Vibration tool II: ultrasonic transducer. 
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2.7. MEASUREMENT RESULTS AND ANALYSIS OF BASE STATION 
ANTENNA 
The base station antenna faced the wall in the anechoic chamber as shown in 
Figure 2.24. After some experiments, a supporting frame for the antenna was made. If the 
floor was not composed of a series of wedges, the antenna had to be carefully placed to 
avoid ..falling to the floor. One of the input ports of the antenna was connected to the 
input port of the PIM tester. In this experiment, the other port of the antenna was floating. 
The RF output port of the PIM tester was connected to the input port of the spectrum 
analyzer and the video output of the spectrum analyzer was connected to the audio 
amplifier. The amplified signal was connected to the oscilloscope and the FFT magnitude 
of the input signal was observed by using the FFT function. The center frequency of FFT 
function was set to around the vibration frequency. For example, when the 500 Hz~1 kHz 
vibration was used, the center frequency of FFT was set to 600 Hz and the step was set to 
100 Hz. 
The measurement results of the vibration method on the base station antenna array 
have been summarized to following tables. Table 2.3 shows the bad soldering case. Bad 
soldering was not the mechanical issue, so there was no modulation in FFT even when 
the vibration was delivered to the solder joint itself. The vibration method seems more 
effective for locating the mechanical PIM sources. 
 
 
Table 2.3. Case III – Bad solder joint 
Vibration at bad solder 
joint 
Modulated signal in 
FFT 
500 Hz not found 
600 Hz not found 
700 Hz not found 




Table 2.4 shows the result when the ferrite debris was used as the PIM source. 
When the ferrite debris was attached to one of the solder joints on the antenna, the PIM 
level was in the range of -70 to -87 dBm. In order to confirm that the vibration method 
was effective, the vibration was first delivered to the solder joint that had a ferrite piece 
then the other position, such as the ground plane of the antenna, was vibrated. 
In this case, 700 Hz of vibration was appropriate. When the vibration was close to 
the PIM source the modulated signal could be found, and when the vibration was far from 
the PIM source there was no modulated signal. This means the PIM source could be 
determined by using a 700 Hz vibration of the transducer. 
 
 
Table 2.4. PIM source - Ferrite piece 
PIM source Ferrite piece attached to the solder joint 
Vibration At solder joint with 
ferrite piece 
At other position (antenna 
ground) 
500 Hz PIM: -86.5 dBm, 
Amplitude 
modulated 
PIM: -69.2 dBm 
Amplitude modulated 
600 Hz PIM: -87.1 dBm, 
Amplitude 
modulated 
PIM: -70.8 dBm 
Amplitude modulated 
700 Hz PIM: -84.7 dBm, 
Amplitude 
modulated 
PIM: -70.9 dBm 
No modulation 
1 kHz PIM: -68.2 dBm, 
No modulation 
No modulation 






Metal debris could also be a PIM source. A small amount of metal debris was 
attached to the solder joint which resulted in an increase of the PIM level. The vibration 
method to locate the PIM source worked with 300 Hz, 500Hz, 600 Hz, and 700 Hz 
vibrating frequencies. In the case of the 1 kHz vibration, the displacement of the vibration 
was not enough to generate a modulated signal even when the source position was 
vibrated as shown in Table 2.5. The last row of Table 2.5 shows the result of when the 
ultrasonic transducer was used.  
 
 
Table 2.5. PIM source - Metal debris at the solder joint 
PIM 
source 
Metal debris at solder joint 
Vibration At solder joint with metal 
debris 
At other position (antenna 
ground) 








600 Hz Amplitude modulated PIM:-88 dBm 
No modulation 
700 Hz Amplitude modulated PIM:-91.2 dBm 
No modulation 












The vibration of the ultrasonic transducer close to the PIM source (metal debris at 
solder joint) could induce the amplitude modulation; while the vibration becomes far 
from the PIM source, there is no modulation. This means the vibration method for 
locating a PIM source works with the ultrasonic transducer as well. 
E-downtilt (phase shifter) was also a potential area to be a PIM source. When the 
metal debris was placed inside of the E-downtilt after opening the cover, the PIM level 
increased. By using the ultrasonic transducer, the PIM source position could be found as 
shown in the Table 2.6. 
In conclusion, all results and analysis show that the vibration method was able to 
locate the PIM source on a real base station antenna array. A 700 Hz vibration generated 
by a speaker or ultrasonic transducer was a better vibration tool for the vibration method. 
Further investigation needs to be conducted in order to find why the vibration method 
failed when bad soldering was the PIM source. 
 
 
Table 2.6. PIM source - Metal debris in E-downtilt 
PIM 
source 
Metal debris in E-downtilt 
Vibration At E-downtilt (phase 
shifter) 
At other position (antenna 
ground) 








3. PIM SOURCE IDENTIFICATION SYSTEM 
Since the effectiveness of the vibration method for PIM source identification was 
proven in previous sections, designing a PIM source identification system became our 
interest. The system consisted of two subsystems, a PIM receiver and a PIM vibrator. 
The PIM receiver takes in the RF signal from the PIM analyzer. The PIM 
analyzer’s RF signal consists of the PIM signal along with other frequency components 
such as two base frequencies, ambient RF spectrum, etc. The main purpose of the PIM 
receiver is to increase the signal-to-noise ratio (SNR) of the PIM analyzer’s RF signal. It 
also downmixes the RF signal to a proper frequency for filtering and analysis. The PIM 
vibrator subsystem provides the vibration source for the vibration modulation method. It 
consists of an ultrasonic transducer, ultrasonic driver, and signal source. A glass tip was 
made for better vibration delivery. 
 
3.1. PIM RECEIVER 
The schematic of the PIM receiver is shown in Figure 3.1. The PIM receiver 
subsystem consists of the following components: a PGA103+ LNA module, a cellular 
SAW filter bank module, a 2-way splitter module, two MAX2870 frequency synthesizer 
modules, two ADL5801 modules, a 120 kHz@433.92 MHz SAW filter module, two 
80 MHz low-pass filters (LPF), an ADL5611 variable gain amplifier, a variable 
bandwidth filter bank, a Mini-Circuits 40 dB high gain amplifier, a 3-way splitter module, 
a detector module, an audio amplifier module, and a touchscreen control panel. 
The purpose of the PIM receiver subsystem is to increase the SNR of the PIM 
analyzer’s RF signal. To achieve this goal, an LNA module was placed at the first stage 
of the PIM receiver subsystem. The LNA minimized the noise floor rise due to 
amplification in the system. Then, a SAW filter bank was added next to the LNA module 
to filter out only the PIM signal component. The SAW filters were selected specifically 
so that the desired PIM signal would fall into one of their pass bands. Further 
amplification and filtering was needed to purify the PIM signal, and the equivalent 
bandwidth of the band-pass filter was required by the sponsor. Thus, there are two stages 
of downmixing after the cellular SAW filter bank to accomplish these demands. The IF 
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frequency AM signal then passed to the detector board; there are two envelope detection 































3  way splitter




Figure 3.1. PIM Receiver system schematic. 
 
 
3.1.1. PGA103+ LNA Module. In the real PIM test environment, the IM3 signal  
(for example, 1900 MHz) coupled with both base frequency signals (for example, 1945 
MHz and 1990 MHz). The base frequency signal was still large enough to saturate the 
first stage amplifiers; thus, it’s necessary to select the amplifiers for the first stage that 
have a low noise figure and high third order intercept (OIP3) value. 
The selected PGA-103+ (Figure 3.2) from Mini-Circuits has a low noise figure 
(0.9 dB at 2 GHz) and very high OIP3 (45 dBm at 2 GHz); however, its gain changes 
with frequency rapidly. A compensation circuit was built after each amplifier and 
contained three PGA103+ ICs in a series to have enough gain. The compensation circuit 
(Figure 3.3) attenuated the gain in the low frequency, while in the high frequency the 
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circuit had less attenuation. The resistor values were selected so that the input and output 




Figure 3.2. PGA103+ gain vs. frequency. 
 
 
The measurement results show that this board (Figure 3.4) has a 39 dB gain at 












Figure 3.5. S21 measurement results for the first stage amplifier with external 40dB 
attenuation. 


















S21 of PGA103+ LNA module
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3.1.2. SAW Filter Bank. Four SAW filters were selected based on the sponsor’s 
requirements. Table 3.1 shows the 4 cellular bands that were required by the sponsor. 
Figure 3.6 shows the schematic of the circuit. RF relays were used to switch 
between different SAW filters. Since the system is controlled by a touchscreen panel, a 
relay driver was selected to drive the RF relays. There is also attenuation on the SAW 
filter, so an ADL5611 amplifier was added at the last stage to boost the signal power. 




Figure 3.6. Cellular SAW filter bank circuit diagram. 
 
 
3.1.3. Mixer. The mixer IC used was an ADL5801. It operated in single-ended  
mode in a very wide range (LO 200 MHz to 6 GHz). It had a conversion gain of 1.8 dB 
and the input IP3 was 28.5 dBm (Figure 3.8). Table 3.2 and Table 3.3 are the measured 
mixer performance at different frequencies. 
3.1.4. MAX2870 Frequency Synthesizer. A MAX2870 frequency synthesizer  
(Figure 3.9) was selected as the LO of the mixers. The MAX2870 was programmed to 
generate frequencies from 23.5 MHz to 6000 MHz. A control code was developed in the 
touchscreen panel to generate the LO frequencies needed by the mixers. 
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Table 3.1. SAW filters for different cellular bands 
Standard PIM frequency 
LTE700 704-850 MHz 
EGSM900 880-915 MHz 
UMTS2100 2050-2060 MHz 
LTE2600 2550-2570 MHz 
 
 
3.1.5. 433.92 MHz SAW Filter. Figure 3.10 is the schematic of 433MHz SAW  
filter. This SAW filter has passband as narrow as 120kHz. The measured S21 of this 
SAW filter board is shown in Figure 3.11, which indicates that the filter has about 
3.1dBm insertion loss at 433.92MHz. 
3.1.6. Variable Bandwidth Filter Bank. As required by the sponsor, a variable  
bandwidth filter bank was added to the system. The expected pass band bandwidth would 
be 2 kHz, 10 kHz for audio frequency, and 80kHz for ultrasonic frequency. 
A thorough search for a source of narrow band bandpass filters was done and 
found that the desired filters have to be customized, which would have resulted in an 
unacceptable lead time. Thus, the final selection of the filters had to take the availability 
into consideration. 
The ECS-75SMF crystal filters shown in Table 3.4 were selected for their 
appropriate bandwidth and availability; the 7.5 kHz and 30 kHz bandwidth were selected. 
Since the filters’ center frequency was 45 MHz, and the stage before it was a 433.92 
MHz SAW filter, a mixer was needed to downmix the input signal to this frequency. 
Another 1 MHz bandwidth filter shown in Figure 3.12 was designed and 
simulated in ADS and then implemented on the PCB.  
Since there was a 120 kHz bandwidth 433.92MHz SAW filter before this stage, it 
had a 120 kHz equivalent bandwidth when this filter was selected. The schematic is 
shown in Figure 3.13. 
The measurement results (Figure 3.14) show that this board has tunable gain from 
33dB to 61.2 dB. During the test it was discovered that the system total gain might not be 








Figure 3.8. Schematic of mixer. 
 
 
























Table 3.2. Measurement results at 900 MHz RF frequency 
Frequency Magnitude 
RF=900 MHz -51.7 dBm 
LO=1.3392 GHz -1.12 dBm 
IF=433.92 MHz -54.4 dBm 
 
 
Table 3.3. Measurement results at 1900 MHz RF frequency 
Frequency Magnitude 
RF=1900 MHz -52 dBm 
LO=2.3392 GHz -1.67 dBm 












Figure 3.11. Measured S21 of the 433.92 MHz SAW filter 
 
 





Figure 3.12. Bandpass filter with parameters optimized in ADS. 
 
 
3.1.7. Second Stage Adjustable Amplifier. In this stage, we used 3 ADL5611  
amplifers to generate enough gain (Figure 3.15 and Figure 3.16). We selected ADL5611 
because it has rather flat gain of 22dB from 30MHz to 4GHz.  
Since the log detector and linear detector have different work range, we need to 
be able to control the power that goes into the detector. Thus we added a voltage 
controlled attenuator IC between second and third ADL5611 IC. The attenuator is ALM-












Figure 3.14. S21 of different filters.  








Figure 3.16. Manufacture board of second stage adjustable amplifiers with box. 
 
 
3.1.8. Amplifier ZKL-1R5+. A ZKL-1R5+ (Figure 3.17) from Mini-Circuits has 








3.1.9. Splitters. Two splitters (Figure 3.18 and Figure 3.19) from Mini-Circuits 
were added into the system for the purpose of debugging and measuring signal levels. 
ZFSCJ-2-4+ 2-way splitter’s typical operation range is from 50MHz to 1000MHz, which 
is used after first mixer (433.92MHz) in the system. ZA3CS-400-3W+ 3-way splitter is 









Figure 3.19. ZA3CS-400-3W+ 3-way splitter. 
 
 
3.1.10. Detectors. Both a log detector and a linear detector were mounted on the 
same board. The log detector (Figure 3.20) is an AD8318 which had been well tested in 
previous measurements. The linear detector (Figure 3.21) is a Schottky Diode HSMS 








Figure 3.21. Schematic of linear detector and measurement result. 
 
 
3.1.11. Touchscreen Control Panel. The SmartGLCD touchscreen (Figure 3.22)  
from MikroElektronika was selected as the control panel for the system. This unit is 




Figure 3.22. SmartGLCD touchscreen panel. 
 
 
The control panel was designed to control the selection of filters on two filter 
banks, and also output frequency of two MAX2870 frequency synthesizer boards. It also 
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takes in the power reading from the AD8306 log detector and shows the input power of 
the detector board. 
The user interface on the touchscreen is shown in Figure 3.23 and Figure 3.24. On 
the first screen (Figure 3.23), the user can set the Tx frequencies. Then, the user has to set 
the bandwidth of the variable bandwidth filter bank. Typically, for ultrasonic application, 
the bandwidth should be set to120 kHz. 
After setting up Tx frequencies and filter bandwidth, the user can press the 
ENTER button to send commands to the modules in the system. 
The touchscreen will calculate the IM3 frequency and select cellular SAW filters 
accordingly. It will also calculate input power at the detector board (Figure 3.24). 
3.1.12. System Integration.. All modules in the PIM receiver system were 
integrated into a 17 in x 17 in x 6 x aluminum chassis (Figure 3.25). Because of limited 
space, some modules were mounted on the side walls. The open frame switching power 
supplies are covered by a plastic box for protection. 
The touchscreen panel was mounted on the side wall. All modules were fixed to 












Figure 3.25. Integrated PIM receiver in an aluminum chassis. 
 
 
3.2. PIM ANALYZER 
3.2.1. Self-made PIM Analyzer. During this project, the demo unit Kaelus 
iQA1800 was sent back to Kaelus, thus, other solutions for PIM analyzer were 
considered. At the beginning, a PIM analyzer was planned to be built by the EMCLab. 
As shown in Figure 3.26, the proposed PIM analyzer consists of two signal 
























Two RF power amplifiers (Figure 3.27) were bought for the PIM analyzer. The 
amplifiers work at 2100 MHz and have a 46 dBm maximum output power. 
The selected power combiner has a working frequency from 300 MHz to 
2700 MHz. For the duplexer, the Tx frequencies are 2110 MHz to 2170 MHz, and the Rx 
frequencies are 2050 MHz to 2060 MHz. However, the PIM level caused by the duplexer 
was measured to be about -100 dBm (2×43 dBm input) which exceeded the acceptable 
PIM level for our application. 
The low PIM duplexers were not available on the market and would have had to 
be customized; however, both the time and cost were not acceptable to build a 




Figure 3.27. Two power amplifier purchased for the self-made PIM analyzer. 
 
 
3.2.2. Modified PIMPro 1921. Because of the limited time and budget, a 
commercial used PIM analyzer became the choice. After comparing several models on 
the market, a used CCI PIMPro 1921 PIM analyzer (Figure 3.28) was acquired. 
This analyzer works on bands PCS 1900 and AWS 2100. Receive frequencies are 
1850-1910 MHz/1710-1755 MHz, transmit frequencies are 1930-1990 MHz/2110-
2155 MHz. The adjustable output power range is 17 to 46 dBm × 2. 
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The major problem for this PIM analyzer was that it didn’t have an RF output port 
and had to be modified before it was able to be used as the vibration modulation method. 
The case was carefully opened and the structure was carefully studied (Figure 
3.29). It was found that the duplexer did not have the Rx output port with connectors; 
instead, it only had a pin connecting to the Rx module (Figure 3.30) of the PIM analyzer. 
A coax probe was soldered to the pin and the ground nearby (Figure 3.31). 
The PIM level was able to be measured by using external devices like the 
spectrum analyzer and self-made PIM receiver. 
Another problem was discovered: because of the special characteristics of the 
vibration modulation method, it is required that the Tx signal phase noise be as low as 
possible so that the modulated signal could be detected, however, when using the internal 
signal source the measured phase noise was only about -80 dBc/Hz at 29 kHz away. Such 








Figure 3.29. Internal structure of the purchased PIM analyzer. 
Duplexer and 
power combiner











Figure 3.31. Modified analyzer with coax probe added for Rx (PIM) signal output. 
 
 
As shown in Figure 3.32, if the phase noise was the red curve then the modulated 
signal could not be measured. If the phase noise was the blue curve, the modulated signal 
could be detected. Thus, it was of our interest to reduce the phase noise as much as 
possible so two external signal generators were introduced to replace the internal high 




The modified PIMPro 1921 PIM analyzer system block diagram is shown in 
Figure 3.33. The two signal sources are Agilent N5181A RF signal generators. The Rx 
signal was measured at the spectrum analyzer through a coax probe. The complete PIM 




Figure 3.32. Illustration of the effect of different phase noise level. 
 
 
3.3. PIM VIBRATION SYSTEM 
The PIM vibration method system consisted of three modules: an ultrasonic 
transducer, ultrasonic driver, and signal source. 
In the previous tests, it was found that using acoustic speakers as a vibration 
source would result in very loud noise. Thus, it would be very inconvenient for the user 
to perform the measurement in such a noisy environment. The speaker’s power may also 
not be high enough. The ultrasonic transducer used in this method was shown in the 
previous section. Its resonant frequency was about 28 kHz and the maximum output 





























Figure 3.35. Photo of completed PIM analyzer modification. 
Power Meter still works 
after modification





3.3.1. Ultrasonic Driver. At the beginning, an Apex MP118 (Figure 3.36) was  
selected as the driver amplifier for the ultrasonic transducer. It is a power operational 









During the test, however, the MP118 was damaged twice and was considered to 
be unstable. Other solutions was taken instead. 
3.3.2. Vellaman 200 W Power Amplifier. This power amplifier module can  
directly use AC power via a transformer (Figure 3.37). Its frequency response is from 3 
Hz to 200 kHz (3 dB). This unit has been proven to be robust and easy to use. In addition, 
a self-made Rogowski coil was made to monitor the output current. 
3.3.3. Ultrasonic Transducer. The ultrasonic transducer was introduced in the  
previous section. A glass tip was attached to the front of the transducer for better 
vibration delivery to the DUT. A 1:3 transformer was added at the output of the vibration 
driver for impedance match and to increase the peak voltage on the transducer. The PIM 
vibration system is shown in Figure 3.38. 
48V DC supply














Figure 3.38. PIM vibrator system. 
Vibrator Driver
Signal source
1:3 transformer 28kHz ultrasonic 
transducer
Glass tip




4. PIM VIBRATION SYSTEM TEST AND METHOD VALIDATION 
After building the PIM receiver and PIM vibrator system, experiments with a real 
base station antenna were conducted. The measurements were performed in the 3 m semi-
anechoic chamber. The measurement set-up diagram is shown in Figure 4.1 and a photo 
of the set-up is shown in Figure 4.2. 
For the measurement, the PIM analyzer Tx port was connected to the base station 
antenna via a low-PIM cable. The PIM analyzer, low-PIM cable, and antenna have 7/16 
type low-PIM connectors. The two Tx signal were all set to 43 dBm. The modified RF 
port of the PIM analyzer was first connected to spectrum analyzer (SA). The PIM level 
was measured at the SA first in order to determine the system PIM level without the 
intended PIM source. The PIM level could vary from -120 dBm to -90 dBm because of 
the connection, cable position, and other factors. The PIM level was controlled so  that is 
























Figure 4.2. Set-up photo of vibration modulation method with base station antenna. 
 
 
4.1. PIM SOURCE IDENTIFICATION - FERRITE DEBRIS 
Different PIM sources were investigated. First, ferrite debris was attached to the 
splitter section of the antenna on the back. At the splitter, there was a strong EM field due 
to its structure, thus, a PIM source was created when ferrite material was close to it. 
The PIM level before adding the ferrite was <-110 dBm and the PIM level after 
adding the ferrite was about -100 dBm. The vibration was then applied to different 
locations, and the modulated signal was only found on the oscilloscope at the PIM source 
location. 
While the vibration method showed very good accuracy in the ferrite experiment 
(Figure 4.3 and Figure 4.4) since the modulated signal could only be detected at precisely 
the PIM source location, in reality, the most likely PIM source could be loose contact 
between metal parts (for example, loose screws or loose connectors). The next 


















Figure 4.4. Vibration on different locations: a) vibrated at PIM source point, modulation 
signal detected; b) vibrated at nearby area, modulated signal not detected 
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4.2. PIM SOURCE IDENTIFICATION - LOOSE SCREWS 
The phase shifter (Figure 4.5) is located in the middle of the backside of the 
antenna. It is reported that loose screws on the phase shifter or near coax cable are very 
likely to cause PIM problems. Thus, in this measurement, one screw near the coax cable 








Figure 4.6. Loose screw on the phase shifter as PIM source (indicated by the tip of a pen). 
 
 
The problem here is that very slight movement of the screw would possibly cause 
dramatic change in the PIM level. In our test, the PIM level caused by the loose screw 
would change between -104 dBm to -64 dBm. Thus, it was difficult for us to make a 
stable PIM source by loosening the screw. These tests were made while the PIM level 
was about -100 dBm. When vibrating at the PIM source screw, the modulated vibration 
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signal (28.41 kHz) could be easily observed; while at the neighboring screw, it was 








The vibration modulation method was proposed in this article. The PIM source 
identification system consists of two subsystems, a PIM receiver and a PIM vibrator. The 
PIM receiver system was used to increase the SNR of the modulated PIM signal from a 
PIM analyzer. The PIM vibrator system provides a vibration source for the system. The 
prototype of the vibration modulation system was built and tested, and then it was tested 




in a real case scenario. In this section, the vibration modulation method was tested on the 
base station antenna. The results show that the proposed method was able to locate the 
PIM source accurately. 
 
4.4. FUTURE WORK 
A second PIM source identification system will be built to accommodate 
improvements to the first system. Different ultrasonic frequencies will be tested to 
determine the best frequency for the system. Also, the vibration strength for different 
types of transducers will be characterized and well documented and new vibration 
delivery structures will be investigated to replace the glass tip. One of these structures is 
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